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Summary
Background: Coordinated multicellular growth during devel-
opment is achieved by the sensing of spatial and nutritional
boundaries. The conserved Hippo (Hpo) signaling pathway
has been proposed to restrict tissue growth by perceiving me-
chanical constraints through actin cytoskeleton networks. The
actin-associated LIM proteins Zyxin (Zyx) and Ajuba (Jub)
have been linked to the control of tissue growth via regulation
of Hpo signaling, but the study of Zyx has been hampered by a
lack of genetic tools.
Results: We generated a zyx mutant in Drosophila using
TALEN endonucleases and used this to show that Zyx antag-
onizes the FERM-domain protein Expanded (Ex) to control tis-
sue growth, eye differentiation, and F-actin accumulation. Zyx
membrane targeting promotes the interaction between the
transcriptional co-activator Yorkie (Yki) and the transcription
factor Scalloped (Sd), leading to activation of Yki target gene
expression and promoting tissue growth. Finally, we show
that Zyx’s growth-promoting function is dependent on its
interaction with the actin-associated protein Enabled (Ena)
via a conserved LPPPP motif and is antagonized by Capping
Protein (CP).
Conclusions: Our results show that Zyx is a functional antag-
onist of Ex in growth control and establish a link between actin
filament polymerization and Yki activity.Introduction
The control of tissue size represents a major unsolved ques-
tion in developmental biology. The conserved Hippo (Hpo)
signaling pathway is thought to sense mechanical and nutri-
tional cues to restrict tissue growth [1]. Activation of the
Ste20-like kinase Hpo (MST1/2 in mammals) and subsequent
phosphorylation of the downstream Ndr-like kinase Warts
(Wts-LATS1/2 in mammals) inhibits the transcriptional co-acti-
vator Yorkie (Yki-YAP/TAZ in mammals), via phosphorylation
at S168. This prevents the interaction of Yki with transcription
factor partners, such as Scalloped (Sd-TEAD1-4 in mam-
mals), thereby inhibiting expression of pro-growth and survival
genes [1].
The known upstream stimuli for Hpo signaling involve a
number of regulatory proteins, many of which are associated
with the actin cytoskeleton [2]. In particular, the Drosophila
proteins Expanded (Ex) and Merlin (Mer), which belong to the*Correspondence: fjanody@igc.gulbenkian.pt (F.J.), nic.tapon@cancer.org.
uk (N.T.)FERM (Four point one, Ezrin, Radixin, Moesin) domain family,
and the protocadherins Fat (Ft) and Dachsous (Ds), were iden-
tified as tumor suppressors that prevent expression of Yki
target genes [3–8]. Whether Ex/Mer and Ft/Ds signaling repre-
sent entirely distinct branches of Hpo signaling remains un-
clear. For instance, Ft depletion leads to a reduction in apical
Ex localization [6–8]. However, Ft and Ex have been implicated
in distinct functions: Ft/Ds are involved in the control of planar
cell polarity (PCP) [9, 10], while Ex has strong effects on eye
differentiation [11–15]. The proposed mechanisms of Ft and
Ex function are also distinct. In particular, Ex promotes cyto-
plasmic sequestration of Yki through direct binding and by
promoting Hpo-Wts kinase activity [16, 17], while Ft antago-
nizes the growth-promoting function of the atypical myosin
Dachs (D), which, in turn, destabilizes Wts [4].
Several reports have highlighted the contribution of the actin
cytoskeleton to Hpo signaling [18]. The actin Capping Protein
ab heterodimer (CP), which prevents addition of actin mono-
mers to F-actin barbed ends, antagonizes Yki activity, and
thereby restricts tissue growth [19, 20]. Accordingly, in mam-
mals, CapZ and other factors that restrict F-actin levels, have
growth-restrictive effects via the control of YAP/TAZ subcellu-
lar localization, particularly in response to mechanical cues
[21]. Interestingly, YAP and TAZ respond to mechanical cues
dependent on actomyosin networks and formin-dependent
actin polymerization [22–24]. Recently, the actin-associated
LIM (Lin11, Isl-1, and Mec-3) domain protein Zyxin (Zyx) has
been shown to mediate the effects of Ft-Ds signaling on Yki
target genes, by promoting Wts destabilization via its inter-
action with D [25]. Importantly, Zyx provides a link to the actin
polymerization machinery, since it directly interacts with
the actin-binding proteins Enabled (Ena)/VASP via conserved
F/LPPPP motifs, and promotes Ena function in barbed-end
F-actin polymerization [26–29].
The analysis of Drosophila zyx has been limited by the
absence of a mutant. Here, we generate a zyx mutation and
describe its effects on growth and Hpo signaling. We show
that Zyx strongly antagonizes Ex function in growth control,
eye differentiation and F-actin accumulation, while being
largely dispensable for Ft-mediated tissue growth. Finally,
our work suggests that Zyx’s growth-promoting function re-
quires its ability to bind the actin polymerization factor Ena.
Results
Zyx Is Not Required for Viability but Promotes Tissue
Growth
Analysis of zyx function has relied on the use of transgenic
RNAi. To investigate the role of zyx in Hpo signaling, we gener-
ated a zyxmutant allele by TALEN (Transcription activator-like
effector nuclease)-mediated mutagenesis. Using a TALEN pair
that targets the first common exon of all zyx splice variants, we
generated a foundermutation (zyxD41), carrying a 7-bp deletion
(Figure 1A). This mutation induces a frameshift at codon 103
(isoforms RA and RB), 41 (isoform RG), or 14 (isoform RH),
resulting in a premature stop codon leading to a 19- to 108-
amino-acid peptide, lacking most of the Zyx sequence
(Figure 1A). An antibody against Zyx revealed a band of
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Figure 1. Loss of zyx Restricts Tissue Growth
(A) zyx gene model and mutagenesis schematic using TALEN endonucle-
ases. The zyxD41 allele is identified by the DNA sequence chromatogram
and failure of EcoRI digestion. Expected protein sequence shown in blue.
The deleted 7-bp DNA sequence and resulting protein frameshift are shown
in red.
(B) Western blot on adult fly extracts from w1118 (lane 1), zyxD41 mutants
(lane 2), or flies expressing zyx under the ubi-p63E promoter (lane 3) or
GMR-Gal4 control (lane 4), blotted with anti-Zyx (upper blot) and anti-
a-tubulin (lower blot).
(C and D) Adult w1118 (C) or zyxD41 (D) flies. Scale bars, 0.5 mm.
(E–G) Female wings homozygous for w1118 (E), zyxD41 (F), or expressing zyx
under the control of the ubip63E promoter (G).
(H) Quantification of adult dry weight for indicated genotypes (nR 5).
(I) Quantification of adult wing area normalized to w1118 for indicated geno-
types (nR 20).
(J) Quantification of aspect ratio between length of vein 5 and length be-
tween tips of vein 2 and 4 for indicated genotypes (nR 20).
Data are shown as scatterplot with mean values 6 SD with ***p < 0.0001,
**p < 0.005, *p < 0.05 for this and all subsequent figures.
680approximately 65 kDa in lysates of control adult animals, which
was increased in lysates from adults overexpressing zyx
ubiquitously or with the GMR-Gal4 driver and lost in zyxD41
adult animals, suggesting that zyxD41 represents a null allele
(Figure 1B).
zyxD41 homozygous mutant animals were viable and fertile.
However, adults were smaller than control wild-type animals
(isogenic w1118) (Figures 1C and 1D). Quantification of this
defect showed that zyxD41 adult animals displayed a signifi-
cant decrease in body weight (Figure 1H) and had smaller (Fig-
ures 1E, 1F, and 1I) and narrower wings (Figures 1E, 1F, and
1J). These defects resulted from the loss of zyx, as re-express-
ing a full-length zyx cDNA ubiquitously (ubi > zyx) in zyxD41 an-
imals restored normal adult weight (Figure 1H), wing size (Fig-
ures 1G and 1I), and shape (Figures 1G and 1J). Thus, zyx is not
required for survival but is required for normal tissue growth.
Zyx Is Required for Phenotypes Elicited by Ex Loss
We analyzed the effects of zyx loss combined with inactivation
of Hpo pathway components. Removing zyx function did not
significantly affect the number of interommatidial cells (IOCs)
in the pupal retina, a common readout of Hpo pathway activity
(Figures 2A, 2B, and 2I; Table S1), nor adult eye size (Figures
2J–2K0), nor photoreceptor differentiation, as visualized using
the neuronal marker ELAV in third instar eye discs (Figures S1E
and S1F). Thus, zyx is dispensable for normal eye develop-
ment. We then generated mutant eyes for Hpo pathway com-
ponents using the EGUF (ey-GAL4/UAS-FLP/GMR-hid)
method [30]. As expected, single EGUF mutant retinas for ft
(Figures 2C and 2I), ex (Figures 2E and 2I), or hpo (Figures
2G and 2I) showed a significant increase in the number of
IOCs compared to wild-type retinas (w1118) (Figures 2A and
2I; Table S1).
Removing zyx function slightly reduced the supernumerary
IOC phenotype of ftG-rv mutant retinas (Figures 2C, 2D, and
2I; Table S1) but did not affect the size of these mutant eyes
(Figures 2L–2M0). Additionally, ft8, zyxD41 double-mutant ret-
inas did not show significant changes in IOC number
compared to ft8 single-mutant retinas (Figure 2I; Figures S1A
and S1B; Table S1). Moreover, loss of zyx did not improve sur-
vival of ft8/ftG-rv transheterozygous larvae to third instar (Fig-
ure S1U), restore their reduced number of photoreceptor cells
(Figures S1G and S1H), or rescue the overgrowth of their wing
discs (Figures S1M and S1N). Therefore, zyx function is not
essential to promote tissue overgrowth upon ft loss, suggest-
ing a function for zyx independent of Ft-Ds signaling. Consis-
tent with these observations, dGC13, zyxD41 double-mutant
adult eyes or eye andwing discsweremuch smaller than those
in dGC13 single mutants (Figures 2N–2O0, S1I, S1J, S1O, and
S1P), indicating that zyx has d-independent functions in
growth control.
Strikingly, removing zyx function suppressed the supernu-
merary IOCs of exe1 or exAP50 mutant retinas (Figures 2E, 2F,
2I, S1C, and S1D; Table S1), restored the size of exe1 eyes (Fig-
ures 2P–2Q0), and recovered ELAV-positive photoreceptor
cells of third instar exe1 eye discs (Figures S1K and S1L). More-
over, loss of zyx visibly suppressed the wing disc overgrowth
of exe1/exAP50 animals (Figures S1Q and S1R) and restored
viability of exe1 animals to the adult stage (16% survival; Fig-
ure S1U). This shows that zyx function is required for eye and
wing overgrowth and defects in eye differentiation caused by
ex loss.
hpo5.1, zyxD41 double-mutant retinas showed a moderate
but significant decrease in IOC number compared to hpo5.1
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Figure 2. Removing zyx Function Suppresses Eye Defects Induced by Loss of ex
(A–H and J–S0) Female 40-hr retinas (A–H) or adult eyes (J–S0) homozygousmutant forw1118 (A, J, and J0), zyxD41 (B, K, and K0), ftG-rv (C, L, and L0), ftG-rv, zyxD41
(D, M, and M0), dGC13 (N and N0), dGC13, zyxD41 (O and O0), exe1 (E, P, and P0), exe1, zyxD41 (F, Q, and Q0), hpo5.1 (G, R, and R0), or hpo5.1, zyxD41 (H, S, and S0).
Retinas are stained with anti-Disc-large (Dlg) to outline cell shape.
(I) Quantification of IOCs for the indicated genotypes (nR 40). (J0, K0, L0, M0, N0, O0, P0, Q0, R0, and S0) Higher magnification of the respective scanning electron
micrographs.
(C–H) and (L)–(S0) represent genotypes generated using the EGUF system in a zyxD41 homozygous background. Scale bars, 20 (A–H) or 50 (J–S0) mm.
681single-mutant retinas (Figures 2G and 2I; Table S1). However,
these eyes were not visibly less overgrown than hpo5.1 sin-
gle-mutant eyes (Figures 2R–2S0). Removing zyx function
also moderately suppressed the overgrowth of wing discs
carrying the wtsP2 mutation over a wts deficiency (Figures
S1S and S1T). Thus, zyx is antagonistic to ex in tissue growth
control, eye differentiation, and animal viability but is only
partially required for phenotypes elicited by loss of ft, hpo,
or wts.
Zyx Promotes Tissue Growth, and Its Membrane
Localization Enhances This Function
We next investigated whether zyx is sufficient to promote tis-
sue growth. Overexpressing zyx using nub-Gal4 significantly
increased adult wing size (Figures 3A, 3B, and 3L). Drosophila
Zyx was shown to localize at the apical epithelial cortex [25],
prompting us to test whether this affects its ability to drivegrowth. As expected, zyx variants either tagged with an N-ter-
minal myristoylation signal (myr::Zyx; Figures S2A–S2A00 0) or a
C-terminal CAAX signal (Zyx::CAAX; Figures S2B–S2B00 0) accu-
mulated at the apical cell cortex, with Zyx::CAAX showing a
more widespread cortical localization. Strikingly, driving their
expression with nub-Gal4 strongly enhanced wing growth
(Figures 3C, 3D, and 3L), compared to native zyx inserted
at the same locus (Figures 3B and 3L). In contrast, a zyx variant
tagged with a mitochondrial targeting signal peptide (mito::
zyx), which accumulated in punctae (Figures S2C and S2C0),
had no effect on wing size (Figures 3E and 3L). Expression
of myr::zyx under GMR-Gal4 also resulted in eye overgrowth
(Figures 3F and 3G) and significantly increased IOC numbers
(Figures 3H, 3I, and 3M). The overgrowth elicited by Zyx
overexpression occurs, at least in part, as a result of
increased proliferation, as measured by 5-ethynyl-20-deoxy-
uridine (EdU) incorporation to label S-phase entry in
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Figure 3. Membrane Targeting of Zyx Promotes
Tissue Growth
(A–E) Femalewings carrying nub-Gal4 (A) and ex-
pressing UAS-zyx (B), UAS-myr::zyx (C), UAS-
zyx::CAAX (D), or UAS-mito::zyx (E).
(F and G) Female adult eyes carrying GMR-Gal4
(F) and expressing UAS-myr::zyx (G). Scale
bars, 50 mm.
(H and I) Female retinas of genotypes shown in (F)
and (G) are stained with anti-Dlg to outline cell
shape. Scale bars, 20 mm.
(J–K0) Standard confocal sections of third instar
wing discs stained with EdU (magenta in J and
K; white in J0 and K0) and expressing UAS-GFP
(J and J0) or UAS-myr::zyx (K and K0), under hh-
Gal4 control. Scale bars, 30 mm.
(L) Quantification of relativewing area normalized
to nub-Gal4 control for genotypes shown in (A)–
(E) (nR 20).
(M) Quantification of IOC number for genotypes
shown in (H) and (I) (nR 40).
(N) Quantification of EdU signal ratio between
posterior and anterior compartments for geno-
types shown in (J) and (K) (nR 8).
682myr::zyx-expressing cells in the posterior wing disc compart-
ment (Figures 3J–3K0 and 3N). These observations indicate
that Zyx is sufficient to induce cell proliferation and suggest
that its localization at apical membrane sites is critical for
this function.Zyx Promotes Yki Target Gene
Expression and Enhances the Yki-Sd
Interaction
To test whether Zyx-induced over-
growth occurs as a result of Yki activity,
we examined the expression of known
Yki target genes upon expression of
myr::zyx or zyx::CAAX in the posterior
compartment of wing discs [31, 32].
We observed upregulation of ex-lacZ
(Figures 4A–4B0), fj-lacZ (Figures 4C–
4D0), and diap1-GFP (Figures 4E–4F0).
Moreover, the ban-EGFP sensor, which
is repressed by the ban miRNA, was
strongly downregulated upon myr::zyx
expression (Figures 4G–4H00). Addition-
ally, in cultured S2R+ cells, Zyx overex-
pression activated a luciferase reporter
driven by a Yki:Gal4 DNA-binding do-
main fusion protein (Figure 4I) or by a
Sd response element (Figure 4J). To
investigate if Zyx promotes the interac-
tion between Yki and Sd in vivo, we
developed a bi-fluorescence comple-
mentation probe (BiFC), where Yki was
fused to the YFP N terminus (UAS-yki::
Myc::NYFP) and Sd fused to the YFP
C terminus (UAS-sd::HA::CYFP) [33].
Driving yki::Myc::NYFP with sd::HA::
CYFP, using hh-Gal4, reconstituted a
low and predominantly cytoplasmic
YFP signal (Figures 4K, 4K0, and S3D).
This enhanced ex-lacZ expression in
the posterior wing disc compartment(Figures S3A and S3A0), compared to yki::Myc::NYFP expres-
sion alone (Figures S3A–S3A00) and in contrast to the re-
pressive effect of sd::HA::CYFP (Figures S3B–S3B00), thus
indicating that the Sd-Yki BiFC probe behaves as a transcrip-
tionally functional Sd-Yki complex. Overexpressing myr::zyx
683(Figures 4K–4L0 and 4N) or knocking down wts (Figures 4K,
4K0, 4M, 4M0, and 4N) significantly increased the average nu-
clear-cytoplasmic ratio of the YFP signal, compared to discs
expressing mCherry. However, unlike wts depletion, express-
ingmyr::zyx under GMR-Gal4 control or removing zyx function
did not affect pYki-S168 in adult head lysates (Figures 4O and
4P). Together, our observations support the notion that Zyx
enhances the ability of Yki to interact with Sd and to activate
its target genes in a Wts-independent manner.Zyx Antagonizes Ex Functions in Wing and Eye
Development
We investigated the ability of zyx (Figures 3B, 5A, 5B, and 5I)
to antagonize growth defects caused by overexpression of ex
(Figures 5C and 5I) or wts (Figures 5G and 5I) or a truncated
form of ft lacking the extracellular domain (ftDECD), which
cannot bind Ds and therefore lacks adhesion functions (Fig-
ures 5E and 5I) [34]. Wing undergrowth caused by ex overex-
pression was strongly suppressed by zyx co-overexpression
(Figures 5C, 5D, and 5I), whereas this only mildly alleviated
undergrowth of ftDECD-expressing wings (Figures 5E, 5F,
and 5I). In contrast, tissue undergrowth caused by wts over-
expression was not significantly suppressed by increasing
Zyx levels (Figures 5G, 5H, and 5I,). These effects were
matched by effects on ex-lacZ expression, as overexpressing
zyx in wing discs, using en-Gal4, fully restored the reduction
of ex-lacZ levels resulting from ex overexpression (Figures
S4C–S4D0) and only partially from ftDECD (Figures S4E–S4F0)
or wts overexpression (Figures S4G–S4H0). Thus, consistent
with our loss-of-function analysis, zyx strongly antagonizes
ex, while it has milder effects on ft and wts-induced wing un-
dergrowth. In the eye,myr::zyx expression largely suppressed
the loss of eye tissue observed upon ex overexpression (Fig-
ures 5J–5M0), indicating that the antagonism between Zyx and
Ex occurs in multiple tissues.
Interestingly, we observed that simultaneous GMR-Gal4-
driven expression of myr::zyx with either ex knockdown (Fig-
ures S5B, S5B0, and S5I) or d overexpression (Figures S5D,
S5D0, and S5K), strongly reduced adult eye size and ELAV-
positive photoreceptors in eye discs, compared to expression
of these constructs alone (Figures S3G, S5A, S5A0, S5C, S5C0,
S5F–S5H, and S5J). Simultaneous ex knockdown and d over-
expression did not synergize to reduce adult eye size (Figures
S5E and S5E0), nor the number of ELAV-positive photorecep-
tors in eye discs (Figure S5L), suggesting that ex and d affect
retinal differentiation via distinct mechanisms. We conclude
that zyx antagonizes ex and synergizes with d in eye
differentiation.CP and Ena Have Opposite Effects on Zyx-Induced Tissue
Growth
We next tested if the barbed-end actin regulators Ena and CP
influence Zyx-dependent growth. Strikingly, GMR-Gal4 driven
co-expression of myr::zyx and ena led to overgrown eyes
(Figures 6A–6D0), showing higher IOC numbers in retinas
40 hr after puparium formation (APF) (Figures 6H and 6I),
when compared to the overexpression of either myr::zyx or
ena alone (Figures 6E–6G and 6I). Similarly, hh-Gal4 driven
overexpression of zyx::CAAX and ena led to overgrown poste-
rior wing disc compartments compared with expression of
zyx::CAAX or ena alone (Figures S6A–S6E). Overexpressing
ena with nub-Gal4 also led to mild but significant wing
overgrowth (Figures S6F, S6H, and S6N) and synergized withmyr::zyx to induce malformed wings, whose size could not
be reliably assessed (Figure S6I).
In contrast, overexpressing the a (cpa) and b (cpb) subunits
of the CP heterodimer reduced wing growth (Figures S6F, S6J,
and S6N) and significantly suppressed wing overgrowth
induced by myr::zyx overexpression (Figures S6G, S6K, and
S6N). Conversely, co-expressing myr::zyx with a dominant-
negative form of CP, lacking the actin-binding domain of Cpa
(cpaDABD, cpb [35]), resulted in malformed wings, reminiscent
of wings overexpressing myr::zyx and ena (Figure S6M).
Expressing myr::zyx with cpaDABD, cpb also enhanced the
number of IOCs in retinas 40 hr APF (Figures S6R and S6S),
compared to expressing myr::zyx or cpaDABD, cpb (Figures
S6P, S6Q, and S6S) alone. We conclude that Ena potenti-
ates Zyx-induced tissue growth, while CP counteracts this
function.
The Zyx L/FPPPPMotif Is Required to Interact with Ena and
Enhances Zyx-Induced Tissue Growth
In vertebrates, ZYX and LPP interact with the EVH1-domain of
Ena/VASP proteins via conserved L/FPPPP motifs [26–29].
Accordingly, we were able to co-immunoprecipitate (co-IP)
full-length HA-tagged Drosophila Zyx with Ena::Flag from S2
cell extracts, while Zyx constructs containing a small trunca-
tion that removes the LPPPP motif (aa.209-213 of isoform A)
(ZyxDaa.208-231::HA or ZyxDaa.208-282::HA) failed to asso-
ciate with Ena (Figure 6J).
We investigated if the region spanning the LPPPP
motif was required for Zyx growth control function. We first
compared the ability of Gal4-driven full-length zyx or
zyxDaa.208-231, inserted at the same locus, to drive wing
growth in a zyxD41 mutant background. ZyxDaa.208-
231::EGFP, like full-length Zyx, localized to the apical
epithelial cortex (Figures S2D and S2E). However, unlike
zyx (Figures S6V and S6Y) or myr::zyx (Figure S6Y), both un-
tagged and myristoylated zyxDaa.208-231 (myr::zyxDaa.208-
231) were impaired in their ability to drive wing growth
(Figures S6U, S6X, and S6Y). Interestingly, expressing
zyxDaa.208-231 with nub-Gal4 weakly but significantly
reduced wing size (Figures 6K, 6M, and 6Q), suggesting
that this form of zyx has a mild dominant-negative effect.
Moreover, in contrast to wild-type zyx (Figures 6L and 6Q),
expressing zyxDaa.208-231 did not suppress the growth
defect of wings overexpressing ex under nub-Gal4 control
but instead reduced wing size even further (Figures 6N, 6P,
and 6Q). However, apical Ena levels in the wing disc were
not significantly affected upon zyx depletion (Figures S7B
and S7B0) or myr::zyx expression (Figures S7C and S7C0).
Thus, although Zyx is not sufficient to localize Ena at the api-
cal cell cortex, the region spanning the L/FPPPP motif of Zyx
is required to promote tissue growth and to antagonize Ex
function in growth control.
Zyx Antagonizes the Effects of Ex on Apical F-Actin
Accumulation
Ex restricts apical F-actin accumulation [19]. Thus, we tested
whether Zyx antagonizes the effect of Ex on F-actin accumula-
tion. As expected, knocking down ex using hh-Gal4 signifi-
cantly increased the ratio of phalloidin signals between the
posterior (experimental) and anterior (control) wing disc
compartments (P/A) (Figures 7B, 7B0, and 7H), compared to
discs expressing GFP (Figures 7D, 7D0, and 7H). This effect
was significantly suppressed by zyx loss (Figures 7A, 7A0,
7C, 7C0, and 7H). Conversely, overexpressing ex reduced the
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Figure 4. Zyx Enhances Yki Target Gene Expression and Yki-Sd Interaction
(A–H0) Standard confocal sections of third instar wing discs carrying ex-LacZ (A–B0), fj-LacZ (C–D0), diap1-GFP (E–F0; white in E and F0 and magenta in F), or
ban-EGFP sensor (G–H0), expressing UAS-GFP (A, C, E, and G) and UAS-myr::zyx (B and B0, and D and D0) or UAS-zyx::CAAX (F and F0, and H and H0) under
(legend continued on next page)
684
GF
P
zy
x, 
GF
P
ex
, G
FP
ex
, z
yx
ft ft
EC
D , G
FP
EC
D , z
yx
wt
s, 
GF
P
wt
s, 
zy
x
0.00
0.25
0.50
0.75
1.00
1.25
1.50
W
in
g 
A
re
a 
(n
or
m
al
is
ed
 to
 n
ub
>G
FP
)
nub>
ns
***
**
***
nub> ex, GFP 
nub> wts, GFP
nub> GFP
A
GMR>
myr::zyxGMR> GMR>ex
J
nub> ex, zyx
nub> wts, zyx
nub> zyx, GFP
C
G
B D
H
I GMR>
myr::zyx, ex
L MK
J’ L’ M’K’
nub> ftΔECD, GFP nub> ftΔECD, zyx
E F
Figure 5. Zyx Antagonizes the Growth-Suppres-
sor Effects of ex
(A–H) Female wings expressing UAS-GFP (A),
UAS-zyx, UAS-GFP (B), UAS-ex, UAS-GFP (C),
UAS-ex, UAS-zyx (D), UAS-ftDECD, UAS-GFP (E),
UAS- ftDECD, UAS-zyx (F), UAS-wts, UAS-GFP
(G), or UAS-wts, UAS-zyx (H), under nub-Gal4
control.
(I) Quantification of relative wing area normal-
ized to nub>GFP for genotypes shown in (A)–(H)
(nR 20).
(J–M0) Female adult eyes carrying GMR-Gal4 (J
and J0) or expressing UAS-myr::zyx (K and K0),
UAS-ex (L and L0) or UAS-ex, UAS-myr::zyx (M
and M0) under GMR-Gal4 control. (J0, K0, L0, and
M0) Higher magnification of the respective scan-
ning electron micrographs.
Scale bars, 50 mm.
685F-actin P/A ratio (Figures 7F, 7F0, and 7H). This reduction was
restored by the co-expression of zyx::CAAX (Figures 7G, 7G0,
and 7H), although expressing zyx::CAAX alone had no detect-
able effect on F-actin levels (Figures 7E, 7E0, and 7H). The api-
cal localization of Zyx or Ena was not visibly altered in exe1
mutant clones (Figures S7D and S7D0). Conversely, zyx deple-
tion did not alter apical Ex levels in the posterior wing disc
compartment (Figures S7E and S7E0). In contrast, Ex accumu-
lated at the apical surface of wing discs overexpressing zyx::
CAAX (Figures S7F and S7F0). This effect is unlikely to result
from Ex recruitment by the Crumbs (Crb) polarity complex
[36–38], since Crb levels were not affected by zyx::CAAX
expression (Figures S7G and S7G0). The apical Ex accumula-
tion upon zyx::CAAX expression likely results from increased
Yki-mediated ex transcription (Figures 4B and 4B0). Together,
our data support an antagonism between Zyx and Ex based
on F-actin regulation, but not through mutual exclusion from
the apical cell cortex.
Discussion
In the present study, we have generated a loss-of-functionmu-
tation of the zyx locus, which revealed that zyx is dispensable
for viability but is required for normal tissue growth and eye dif-
ferentiation by antagonizing Ex.hh-Gal4 control. Discs are stained with anti-b-galactosidase to highlight lacZ-reporters (A-D0; magenta in
Zyx (E–H0; green in F and H). Scale bars, 40 mm.
(I and J) Histogram of average relative luciferase units (RLUs) normalized to empty vector, in S2 cell ex
Gal4DBD (I) or a sd response element (sdRE)-luciferase reporter (J) for indicated transfections.
(K–M0) Standard confocal sections of third instar wing discs stained with TOTO3 (magenta in K, L, and M)
yki::Myc::NYFP, UAS-sd::HA::CYFP, and UAS-mCherry (K and K0) or UAS-myr::zyx (L and L0) or UAS-wts
arising from expressing UAS-yki::Myc::NYFP and UAS-sd::HA::CYFP (K–M0; green in K, L, and M and wh
(N) Quantification of nuclear to cytoplasmic YFP signal ratio for genotypes shown in K–M0 (nR 30).
(O) Western blots on adult head lysates from w1118 (lane 1) or expressing UAS-wts-RNAi (lane 2) or UAS-
mozygous for zyxD41 (lane 4), blotted with anti-pYkiS168 (upper panel) and anti-Yki (lower panel).
(P) Quantifications of pYkiS168 signals by western blot normalized to corresponding Yki signals for the iZyx Antagonizes Ex
Zyx was previously shown to promote
Wts degradation in a mechanism based
on a Zyx/D interaction [25]. However, we
report that zyx and d have additive ef-
fects on tissue growth. In addition, zyx
loss has a modest effect on ft growthphenotypes (Figures 2 and S1), which, in contrast, are highly
sensitive to d mutations [4, 39], highlighting the possibility of
additional functions for Zyx in tissue growth.
Our characterization of the zyxmutant shows that Zyx acts
in the Ex branch of the Hpo pathway to control tissue growth
(Figures 2 and S1). This is in contrast to a previous study using
RNAi knockdown of zyx and ex, which concluded that zyx
expression had only minor effects on the Ex branch [25].
Our results indicate that zyx loss can significantly reverse
the lethality and growth defects of exmutant animals (Figures
2 and S1). This antagonistic function of Ex and Zyx is not
confined to growth regulation but extends to tissue differen-
tiation. We show that Zyx restricts eye differentiation antago-
nistically to Ex and in parallel to D but independently of Ft
(Figures 2 and S1). Consistent with these observations, simul-
taneous loss of ex and ft leads to additive, and therefore
apparently independent effects on eye differentiation [40].
Therefore, we propose that Zyx is a key modulator of Ex
function.
In growth control, Zyx function may be partially indepen-
dent of Hpo-Wts signaling, as zyx is partially required for
the overgrowth of hpo and wts mutant eye and wing (Figures
2 and S1) but has no major effect on wts overexpression in
the wing (Figure 5) or Yki phosphorylation by Wts (Figure 4).
Ex has been reported to sequester Yki in the cytoplasmB and D and white in A, B0, C, and D0) or with anti-
tracts transfected with UAS-luciferase and yki::
in which nub-Gal4 drives the expression of UAS-
RNAi9928 (M and M0). Reconstituted YFP signal
ite in K0, L0, and M0). Scale bars, 50 mm.
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Figure 6. The LPPPP Motif of Zyx Promotes Tissue Growth and Antagonizes Ex
(A–H) Female adult eyes (A–D0) or retinas (E–H) carryingGMR-Gal4 (A, A0, and E) and expressing UAS-myr::zyx (B, B0, and F) or UAS-ena (C, C0, andG) or UAS-
myr::zyx, UAS-ena (D, D0, and H). (A0, B0, C0, and D0) Higher magnification of genotypes shown in (A)–(D). Retinas are stained with anti-Disc-large (Dlg) to
outline cell shape. Scale bars, 50 (A–H) and 20 (E–H) mm.
(I) Quantification of IOCs for indicated genotypes (nR 40).
(J) Flag co-IP from S2 cells lysates expressing Ena::Flag (lanes 1–5) and Zyx::HA (lane 2), ZyxDaa.208-231::HA (lane 3), ZyxDaa.208-282::HA (lane 4), or EGF-
P::HA (lane 5). Blots were probed with anti-Flag or anti-HA. Input represents 10% v/v of lysate used for co-IP.
(K–P) Female adult wings in which nub-Gal4 drives expression of UAS-GFP (K), UAS-zyx, UAS-GFP (L), UAS-zyxDaa.208-231, UAS-GFP (M), UAS-ex, UAS-
GFP (N), UAS-ex, UAS-zyx (O), or UAS-ex, UAS-zyxDaa.208-231 (P).
(Q) Quantification of relative wing area normalized to nub>GFP for genotypes shown in (K)–(P) (nR 10).
686through a direct interaction [16, 17]. However, since ex mu-
tant overgrowth is suppressed by zyx loss (Figures 2 and
S1), it is unlikely that Zyx directly antagonizes Ex protein.
Instead, we suggest that the interplay between Zyx and Ex
in growth control is mediated through their antagonistic ef-
fects on F-actin.
Zyx and Yki Regulation by the Actin Cytoskeleton
Our work links F-actin barbed-end polymerization with Zyx/Ex
in the control of Yki activity and tissue growth. We show that
the Zyx domain encompassing the conserved LPPPP motif,
which binds Ena, is required for Zyx to promote growth andto antagonize Ex function (Figures 6 and S6). Moreover, Zyx
and Ena synergize to promote tissue growth (Figures 6 and
S6). This supports the idea that Zyx promotes tissue growth
via its interaction with Ena. Conversely, CP antagonizes Zyx-
induced tissue growth (Figure S6) and functions together
with Ex in preventing F-actin polymerization [19]. Therefore,
an attractive possibility is that antagonistic effects on Yki ac-
tivity between the activators Zyx/Ena on one hand and the in-
hibitors Ex and CP on the other hand is played out indirectly
through their effects on F-actin polymerization. Consistent
with this hypothesis, Zyx antagonizes the effect of Ex on apical
F-actin accumulation (Figure 7).
AA’
D’ E’ F’ G’
D E F G
B’ C’
B C
H
Figure 7. Zyx Antagonizes the Effects of Ex on F-Actin
(A–G0) Standard confocal sections of third instar wing discs stained with phalloidin (Phall; magenta in A, B, C, D, E, F, and G; white in A0, B0, C0, D0, E0, F0, and
G0) to mark F-actin and anti-Cubitus interuptus (Ci; green in A, B, and C) to mark anterior wing disc compartments.
(A and A0) zyxD41 homozygous mutant bearing hh-Gal4.
(B–C0) hh-Gal4 driving UAS-ex-RNAi22994 (B and B0) and homozygous mutant for zyxD41 (C and C0).
(D–G0) hh-Gal4 driving UAS-GFP (D and D0), UAS-zyx::CAAX, UAS-GFP (E and E0), UAS-ex,UAS-GFP (F and F0), or UAS-zyx::CAAX, UAS-ex (G and G0). Scale
bars, 30 mm.
(H) Mean intensity ratio between phalloidin signal of posterior and anterior wing compartments for genotypes in (A)–(G0) (nR 15).
687Recent data suggest that the actin cytoskeleton acts in paral-
lel to the core kinase cascade to control YAP/TAZ activity, with
CapZbeingproposedasoneof the ‘‘gatekeepers’’ restricting its
nuclear translocation [21]. Yki/YAP/TAZ may respond to the
relative activities of Ena and CP, either by being sensitive to
the presence of polymerizing actin barbed ends, or because
Enaproducesaspecializedsetof corticalactinfilamentsneces-
sary for Yki/YAP/TAZ activation. The study of themechanism(s)
coupling F-actin and Yki/YAP/TAZ should resolve these issues.
We showed that Zyx cortical localization is relevant for its func-
tion in promoting tissue growth (Figures 3 and S2). Since Zyx
hasbeenshown to rapidly relocalize tostrainedor severedactin
filaments in cultured mammalian cells [41, 42] and Drosophila
follicular epithelial cells [43], it is possible that Zyx may also
link mechanical forces to growth control.
Finally, it is also interesting to note the possible redundancy
in growth control between Zyx and other Ena-interactingproteins. Like Zyx, Pico/Lamellipodin contains an EVH1-inter-
acting L/FPPPP motif, and its interaction with Ena promotes
tissue growth in Drosophila [44]. Since Ena localization is not
strictly dependent on Zyx (Figure S7), it is tempting to specu-
late that Ena recruitment by multiple membrane-associated
proteins, such as Zyx and Pico, is a common denominator in
the regulation of growth by the actin cytoskeleton.Experimental Procedures
zyx Mutant Allele
The zyxD41 allele was produced by TALEN-mediated mutagenesis (see Sup-
plemental Information). Sequencing confirmed a 7-bp deletion that can be
detected with oligonucleotides forward: 50-CCTCAGCTCTGAGTTGC-30
and reverse: 50-GATGAGTTACCGCCACC-30 (465-bp PCR product).
The wild-type zyx allele can be discriminated using the oligonucleotides
forward: 50-CTCAGCTCTGAATTCGGAG-30 and reverse: 50-GATGAGTTA
CCGCCACC-30 (471-bp PCR product).
688Standard Growth Conditions and Analysis of Growth Parameters
For all measurements, flies were left to lay for 24-hr periods, and adults were
collected from resulting progeny. For quantification of bodyweight, batches
of 50 female adult flies were pooled. Female adult wings were processed,
mounted, and imaged as described in [45]. The average surface area was
calculated for each wing outlined separately and including hinge structures,
using the area function in the ImageJ software. For quantification of IOCs,
pupae were staged by collecting white pre-pupae from synchronous test
crosses, and retinas were dissected 40 hr after incubation at 25C. Using
the ImageJ software, hexagons connecting the centers of six ommatidia
surrounding the ommatidium of interest were outlined and IOCs were
quantified for each hexagon, including glial cells and hair cells. Cells strad-
dling the boundary of each hexagon were counted as half-cell. For each
genotype, up to ten non-overlapping hexagons from at least five indepen-
dent retinas were quantified. Statistical significance was analyzed using
Student’s t test.
Immunohistochemistry
Imaginal discs and retinas were dissected, fixed, and stained according to
standard protocols (see Supplemental Information). For S-phase labeling,
dissected tissue samples were incubated in 0.01 mM EdU (Invitrogen) and
stained using the Click-iT Alexa Fluor 647 cocktail (Invitrogen). F-actin stain-
ing was performed using Phalloidin-Tetramethylrhodamine B isothiocya-
nate conjugate (Phalloidin-TRITC, Sigma), dissolved in methanol, and
used at 1:200. EdU and Phalloidin stainings were quantified by the fluores-
cence intensity averaged across a 50-mm2 square taken approximately
at the center of each quadrant of wing imaginal discs, as defined by the
intersection of the dorso-ventral and anterior-posterior compartment
boundaries.
Supplemental Information
Supplemental Information includes Supplemental Experimental Proce-
dures, seven figures, and one table and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2015.01.010.
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